x-ray diffraction method was used for the purpose of characterizing fatigue damage in mill-annealed and shot peened Alloy 718. Some parameters obtained by x ~ ray diffraction were found to be sensitive to identify the fatigue damage in the alloy.
X -ray diffraction was adopted here as an NDE method to evaluate crystallographic changes during fatigue process. The x -ray diffraction is known to give a sensitive indicator to the microstructure of material surface or near -surface where fatigue damage is most likely to occur. As a result, many approaches using x -ray diffraction have been conducted so far in order to evaluate fatigue damage of materials. [3 -12) In addition to the x-ray diffraction, TEM and Vicker's hardness tester were used to examine fatigue-induced microstructural changes in the alloy.
Experiments

Specimens
The specimens were machined from mill -annealed (982'C for 3.5min.) Alloy 718 sheet and their dimensions and configuration are shown in Figure 1 . The chemical composition and mechanical properties are shown in Table I and II, respectively.
After the machining, some specimens were shot peened in order that the effect of shot peening on fatigue behavior is examined. The shot peening was carried out using glass beads (250-297 ,u m) with a flow pressure of 5.0 kgf/cm'.
The surface roughness of shot peened specimen increased up to -28.0 ,~rn from the original roughness of -4.2 ym. 
Results and Discussions
Peak intensity
Mill ~ annealed specimen Figure  2 shows the transitions in peak intensity ratio during fatigue process under several stress levels. The peak intensity ratio means I/I,, where I is the peak intensity of fatigued specimen and I, is the initial value. As shown in Figure  2 , the behavior of the peak intensity depended strongly on the stress levels and lattice planes. The changes took place during the initial stage of fatigue life followed by the saturation of the changes. All the diffracted lattice planes except (220) plane showed decrease in their peak intensities. The increase in peak intensity of (220) plane appears to be due to the slip of the lattice plane, since (220) plane, like other planes, suffered fatigue induced microstrain as can be seen from the behavior of FWHM (see next section).
The changed ratios of the diffracted peak intensities (110 ~ II/I,) are plotted for fatigue stress levels in Figure  3 (a). From Figure  3 (a), it is seen that the changed ratios had linear relations with applied fatigue stresses above approximately 50kgf/mm', showing a possibility of detecting the applied fatigue stress from the change in peak intensity. . Shot peened specimen Figure 4 shows the transitions in peak intensity ratio during fatigue life under several stress levels.
As shown in Figure 4 , the behavior of the peak intensity depended strongly on the stress levels and lattice planes.
Although the amount of the change was not so large compared with the case of mill ~ annealed specimens, saturation of the change did not take place during the initial stage of fatigue life, suggesting a possibility of predicting a fatigue remaining life from the peak intensity change.
The maximum changed ratios of the diffracted peak intensities are illustrated versus fatigue stress levels in Figure 3 (b). The changed ratios were generally less than those of mill-annealed specimens, and some did not have linear relations with the applied stresses.
:ress: 
Mill
annealed specimen The FWHM is known to be sensitive to the microstrain in materials and it has been often used as a fatigue damage indicator. Figure  5 reveals the transitions in FWHM ratio during fatigue period.
Because the dispersion of measured FWHMs of (311), (222) and (400) planes was so large, FWHMs of (ill), (200) and (220) planes were evaluated here. The change in FWHM ratio indicated an inverse trend to the change in peak intensity ratio except (220) plane. Like the case with the peak intensity, the behavior of the FWHM depended strongly on the stress levels and lattice planes. However, the FWHM generally changed less than the peak intensity at the same applied stress levels. Furthermore, the dispersion of FWHM data during fatigue life was larger than that of peak intensity data. Therefore the peak intensity serves as a better indicator of fatigue damage than FWHM.
Shot peened specimen
Because the dispersion of measured FWHM became much larger after shot peening, plane which showed evaluation of FWHM was conducted only for (111) the maximum diffracted peak intensity. Unlike the case with mill-annealed specimens, no change was observed for the FWHM of (111) plane at several applied stress levels. At a maximum stress of 40kgf/mm', no change was observed for the mill-annealed specimen.
The changed ratios of the residual stress are plotted for fatigue stress levels in Figure 8 . As can be seen in Figure 8 , the residual stress was more sensitive to fatigue damage at a maximum stress of 50kgf/mm' in comparison with the peak intensity and FWHM.
Shot peened specimen Figure  7 also reveals transitions in the residual stress of shot peened specimens during fatigue life.
As illustrated in Figure  7 , the residual stress indicated more sensitivity to fatigue damage in comparison with the peak intensity and FWHM. A clear change in residual stress was seen for the shot peened specimen at a maximum stress level of 40kgf/mm', while no change was observed at the same applied stress for the mill --annealed specimen.
Consequently, it was found that the change in residual stress was a useful indicator to detect high cycle fatigue damage caused by a maximum stress less than the yield strength of the specimen.
The maximum changed ratios of the residual stress are plotted versus fatigue stress levels in Figure  8 . As can be seen in Figure  8 , the change in residual stress of the shot peened specimen was more significant than that of the mill-annealed specimen. From a linear extrapolation of the data, the threshold of detecting fatigue damage in the shot peened specimen appears to be approximately 30 kgf/mm' under repeated tensile fatigue. 20 0~ 50kgf/mm- 
TEM observation
Mill -annealed specimen Fatigue damage was observed by TEM for the millannealed specimens at -90% fatigue life at maximum stress levels of 40, 50, 60, 70 and 80kgf/mm'. The dislocation densities measured by the observation are summarized in Figure  9 , showing a slight increase with increasing the stress level.
Typical
TEM photographs of the specimens are shown in Figure  10 . The dislocation structure before fatigue revealed a typical planar structure. At higher stress levels, the dislocation structure changed from a planar structure to complex structures.
Shot peened specimen Fatigue damage was observed by TEM for the shot peened specimens at -90% fatigue life at maximum stress levels of 50, 60, 70 and 80kgf/mm'. The dislocation density measured by the observation is summarized in Figure 9 . A slight increase in the dislocation density was found with the stress level.
TEM photographs are shown in Figure  11 . The dislocation structure before fatigue revealed a complex structure, which was also observed for the mill -annealed specimens fatigued at higher stress levels.
( Figure  10 ) It is therefore considered that repeated fatigue loads and shot peening had a similar effect on the change in dislocation structure. At higher stress levels, the dislocation structure showed more complex structures. Vicker's hardness measurement Mill -annealed specimen Vicker's hardness was measured for the same specimens observed by TEM. (Figure  12 ) For mill -annealed specimens, Vicker's hardness increased as the stress level increased, suggesting the occurence of work hardening due to the applied stress.
Shot peened specimen Vicker's hardness measured for shot-peened specimens decreased as the stress level increased, suggesting the occurence of work softening due to the applied stress.
( Figure  12 I  I  /  I  .?I  0  20  40  60  80  100  3 Maximum stress (kgf/mm')
Figure 12
Vicker's hardness of fatigued specimens at various maximum stress levels.
Conclusion
Fatigue damage was characterized for mill ~ annealed and shot peened Alloy 718 using
x-ray diffraction method.
Although the fatigue behaviors of measured parameters were different for mill ~ annealed and shot peened specimens, residual stress was found to be most sensitive to fatigue damage of both specimens.
The transitions in the residual stress of shot peened specimens were more significant than that of mill-annealed specimens when fatigued at the same stress levels.
As for the shot peened specimen, the change in residual stress could detect high cycle fatigue damage caused by a maximum stress less than the yield strength of the specimen.
The dislocation density was slightly increased by the applied stress for both mill-annealed and shot peened specimens. It was found by Vicker's hardness measurement that the mill ~ annealed specimens indicated work hardening during fatigue life, while the shot peened specimens showed work softening.
